We search for transient sources in a sample of ULXs from the 3XMM-DR4 release of the XMM-Newton Serendipitous Source Catalogue in order to find candidate neutron star ULXs alternating between an accreting state and the propeller regime, in which the luminosity drops dramatically. By examining their fluxes and flux upper limits, we identify five ULXs that demonstrate long-term variability of over an order of magnitude. Using Chandra and Swift data to further characterise their light curves, we find that two of these sources are detected only once and could be X-ray binaries in outburst that only briefly reach ULX luminosities. Two others are consistent with being super-Eddington accreting sources with high levels of inter-observation variability. One source, M51 ULX-4, demonstrates apparent bimodal flux behaviour that could indicate the propeller regime. It has a hard X-ray spectrum, but no significant pulsations in its timing data, although with an upper limit of 10% of the signal pulsed at ∼ 1.5 Hz a pulsating ULX cannot be excluded, particularly if the pulsations are transient. By simulating XMM-Newton observations of a population of pulsating ULXs, we predict that there could be approximately 200 other bimodal ULXs that have not been observed sufficiently well by XMM-Newton to be identified as transient.
INTRODUCTION
Ultraluminous X-ray sources (ULXs) are non-nuclear X-ray point sources with X-ray luminosities L X 10 39 erg s −1 (for a recent review, see Kaaret, Feng & Roberts 2017) , the majority of which are thought to be stellar-mass objects undergoing super-Eddington accretion. This was definitively demonstrated to be the case for at least some ULXs with the discovery of M82 X-2, a ULX that exhibits pulsations and is thus a neutron star (NS) undergoing highly super-Eddington accretion (Bachetti et al. 2014) . Two other NS ULXs have since been confirmed by the detection of pulsations: NGC 7793 P13 (Fürst et al. 2016; Israel et al. 2017b ) and NGC 5907 ULX-1 (Israel et al. 2017a ). The spectral properties of these pulsating ULXs (PULXs) demonstrate them to be similar to other sources in the ULX population, with a characteristic broadened disc or two-component spectrum and a turnover at ∼ 5 keV (Stobbart, Roberts & Wilms 2006; Gladstone, Roberts & Done 2009 ), although M82 X-2's turnover is higher-energy, at 14 keV (Brightman et al. 2016 ). This suggests that many of the ULX population could be NSs, and we may be unable to distinguish them from black hole (BH) ULXs through spectral properties alone, although estimates of the population demographics can be made by considering formation scenarios (Middleton & King 2017 ). E-mail: hpearn@caltech.edu While the detection of pulsations is currently the only method of determining whether a ULX is a NS, the NS ULXs discovered so far share a common feature of transience, undergoing periods in which their flux decreases by well over an order of magnitude, giving them a bimodal flux distribution (Dall'Osso, Perna & Stella 2015; Fürst et al. 2016; Tsygankov et al. 2016) . It has been suggested that this could be due to a phenomenon called the 'propeller effect'. This occurs when the magnetospheric radius of the NS, at which the magnetic pressure becomes dominant over the pressure of inflowing matter, becomes greater than the corotation radius of the accretion disc, at which the Keplerian rotation of the disc matches the frequency of the stellar rotation. This has the effect of stopping accretion, and may even cause material to be ejected from the system (Illarionov & Sunyaev 1975; Stella, White & Rosner 1986) . Combined with the pulsation period of the NS, the presence of this phenomenon, which provides information on the radius of the magnetosphere, allows constraints to be put on the magnetic field strength. For sources of ULX luminosity a very high, potentially magnetar-like magnetic field strength is required -for example, ∼ 10 14 G for the pulsar ULX M82 X-2 (Tsygankov et al. 2016) .
During this propeller-mode phase, the flux of the NS undergoes a dramatic decrease as accretion is stopped, and only increases again when the NS leaves the propeller regime and resumes accreting. Over time, this leads to a bimodal flux distribution in which 'on' states and 'off' states can be clearly identified. Therefore, searching for transient ULX systems with such a bimodal flux distribution may be a way of identifying other NS ULX candidates independently of detecting pulsations.
Transience is uncommon in ULXs in general -Swift monitoring of various ULXs has shown that, while they often show variability over long timescales, for the most part they remain persistently bright (e.g. Kaaret & Feng 2009; Grisé et al. 2013 ). However, transient ULXs have been seen before in contexts suggesting explanations other than the propeller regime. One example is M31 ULX-1, a probable low-mass X-ray binary (LMXB) that entered the ULX regime during an outburst and subsequently underwent an exponential decay in flux (Middleton et al. 2012) . Additionally, a pair of X-ray binaries in Cen A reach ULX luminosities when in outburst but are most often observed at 10 37 erg s −1 (Burke et al. 2013) . Therefore, some transient ULXs may instead be 'normal', mostly sub-Eddington X-ray binaries that briefly become ULXs during outbursts.
Another intriguing class of transient objects are Be X-ray binary (BeXRB) systems, containing an X-ray pulsar and a Be companion star (an early-type star that exhibits emission lines in its spectrum; for a review of BeXRBs see Reig 2011). They can undergo powerful outbursts that allow them to briefly reach ULX luminosities, increasing in luminosity by multiple orders of magnitude in the process, before gradually declining over a period lasting days to months (e.g. SMC X-3; Tsygankov et al. 2017 ). However their transience at this luminosity regime is not connected with the propeller effect, these giant outbursts are rare, and they spend most of the time at far lower luminosities, either in quiescence or undergoing smaller outbursts.
It is also possible for previously undetected sources to be observed at ULX luminosities, such as a LMXB in M83 which has maintained a fairly steady ULX luminosity since appearing (Soria et al. 2012) , and even to observe transience over the duration of an observation, such as in the case of two eclipsing ULXs in M51 (Urquhart & Soria 2016) .
The XMM-Newton Serendipitous Source Catalogue is a good resource for ULX discovery and study, due to the wide field of view and high effective area of the telescope, and the ready availability of fluxes for detected sources in the catalogue. Additionally, its good time resolution and ability to collect a large amount of data make it ideal for searching for pulsations in observations. Use of the telescope over the past fourteen years means that many galaxies have been observed on multiple occasions, allowing the flux of individual sources to be monitored over time. In this paper we search for transient ULXs within this catalogue and discuss the transient ULX population as observed by XMM-Newton, as well as the opportunities offered by future missions such as eROSITA.
A SAMPLE OF TRANSIENT ULXS
We searched for transient ULXs in a new catalogue of extragalactic X-ray sources created by matching the 3XMM-DR4 release of the XMM-Newton Serendipitous Source Catalogue (Rosen et al. 2016) with the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al. 1991 ) and the Catalogue of Neighbouring Galaxies (CNG; Karachentsev et al. 2004) , the method for which will be described in detail in an upcoming paper (Earnshaw et al. in prep) .
We produced a list of transient ULXs by running the positions of the sources in our catalogue identified as ULXs through FLIX 1 , which produces an estimate of the 3σ flux upper limit for every observation of that location by XMM-Newton where the source is not detected. We defined candidate transient objects as those with at least an order of magnitude's difference between the maximum detected flux and the minimum detected flux or flux upper limit. Our catalogue contains 12 transient ULXs by this definition. Upon inspection, we removed one source likely to be a camera artefact, two that were blended with another source nearby, and two pairs of sources which were likely the same sources erroneously assigned two source IDs in 3XMM-DR4, for which a detection of one was a non-detection of the other. What remains is a sample of five ULXs with genuine evidence of a high level of variability over multiple observations, listed in Table 1 . We briefly describe what is currently known about their long-term variability below.
M74 ULX-2 was previously identified as an ultraluminous transient in Soria & Kong (2002) , in which it was strongly detected by XMM-Newton after being below the detection limit during two Chandra observations a few months earlier, and thus possessing an X-ray luminosity below ∼ 10 37 erg s −1 in those observations. The galaxy was revisited 11 months later with XMM-Newton and the source was no longer detected, meaning that its flux had decreased by at least ∼ 30 times (Soria, Pian & Mazzali 2004) . M106 ULX-1 is found in the Winter, Mushotzky & Reynolds (2006) ULX catalogue (as NGC 4258 XMM1), where it was noted as a transient source. M51 ULX-4 is noted as a transient source in Terashima & Wilson (2004) , having approximately two orders of magnitude's difference in flux between a detection and a flux upper limit in two Chandra observations. NGC 6946 ULX-1 is one of the beststudied of our sample, and has previously been found to exhibit both short-and long-term variability (Berghea et al. 2008; Fridriksson et al. 2008) . We recently analysed the data from this source as part of a study of Eddington Threshold objects (Earnshaw & Roberts 2017) , in which we propose that it is in an intermediate regime between being an ultraluminous supersoft source and being in the soft ultraluminous regime of super-Eddington accretion (see Sutton, Roberts & Middleton 2013) . NGC 7479 ULX-1 is the most luminous of our sample, and has also demonstrated over an order of magnitude variability in flux across two Chandra observations .
We plot the XMM-Newton long-term light curves of our sample in Fig. 1 , showing XMM-Newton detections and the FLIX upper limit in cases where the source was not detected in an observation of its host galaxy. We mark with crosses those detections that have a major (SUM FLAG> 1) XMM-Newton quality warning flag associated with them, since flagged sources may be associated with bright extended emission that could contaminate the source spectrum and erroneously increase the flux calculated by the 3XMM pipeline. We also plot on the fluxes found from Chandra and Swift observations of these sources. Chandra fluxes and 3σ upper limits were found using the SRCFLUX routine in the CIAO software package, and Swift fluxes and 3σ upper limits were found by performing aperture photometry on the source location. In both cases, fluxes were derived from the 0.3-10 keV count rates assuming a powerlaw spectrum with N H = 3 × 10 20 cm −2 and Γ = 1.7 to make them comparable with the fluxes generated by the XMM-Newton pipeline -we note that this spectral shape is not generally representative of ULXs, which tend on average to have softer spectra (e.g. Gladstone, Roberts & Done 2009), and some sources in this data set are already known to have far softer spectra (e.g. NGC 6946 ULX-1). None of the previously identified PULXs appear in our sample. We do not find NGC 5907 ULX-1 in our sample because FLIX is currently based upon the 3XMM-DR5 dataset, and the observation in which it drops in flux (Walton et al. 2015; Israel et al. 2017a ) is in a later data release than 3XMM-DR5. Similarly, we do not find NGC 7793 P13 because it is not detected in 3XMM-DR4 and so does not appear in our initial list of ULXs. M82 X-2 is blended with M82 X-1 at XMM-Newton's resolution, and so is not identified as an individual source in the XMM-Newton catalogue.
DISCUSSION
We were successfully able to use the XMM-Newton Serendipitous Source Catalogue and FLIX to identify five genuinely highamplitude X-ray variables from a catalogue of ULXs, which display a number of different variability behaviours between them.
M74 ULX-2 and M106 ULX-1 both have a single detection in XMM-Newton, and are undetected in all other observations across all instruments we consider. This behaviour shows similarity to the outbursting sources observed in M31 and Cen A Burke et al. 2013) , with a peak luminosity in the ULX regime and a quiescent luminosity below 10 37 erg s −1 , and so they may therefore be 'ordinary' LMXBs that reach ULX luminosities during an outburst. Alternatively, they may be BeXRBs undergoing a giant outburst that reaches ULX luminosities, similar to SMC X-3 (Tsygankov et al. 2017 ) -since the gap between the ULX detection and the subsequent upper limit extends to hundreds of days, there is sufficient time for the source to return to a lower-luminosity state even if the decay in luminosity is gradual. Brief increases in luminosity over ∼2 orders of magnitude into the ULX regime have also been observed in flaring sources (e.g. Sivakoff, Sarazin & Jordán 2005; Irwin et al. 2016) , however these flares occur on the timescale of minutes, and closer examination of the light curves is required to identify whether M74 ULX-2 and M106 ULX-1 exhibit similar behaviour within their high-flux observations. NGC 6946 ULX-1 and NGC 7479 ULX-1 show variation over an order of magnitude in luminosity, hence they are found in our sample, however it is clear from their light curves that they are persistent sources (with Swift upper limits consistent with luminosities that they have previously been observed at). NGC 6946 ULX-1 spends most of its time in the Eddington threshold luminosity regime between 10 38 and 10 39 erg s −1 , occasionally reaching ULX luminosities, whereas NGC 7479 ULX-1 remains in the ULX regime throughout. The spectra for NGC 7479 ULX-1 have previously been found to be consistent with it being an extreme superEddington accreting stellar-mass object like the majority of the ULX population as a whole (Wang, Zhang & Fan 2010; Sutton et al. 2012) . Similarly, while NGC 6946 ULX-1 is fainter and much softer, it can also be interpreted as a super-Eddington source viewed at very high inclinations (Earnshaw & Roberts 2017) . This shows that super-Eddington sources can be capable of high amounts of inter-observation variability, but does not in itself provide any evidence for a NS nature of the central compact object. Of the sources in our sample, M51 ULX-4 is the only one that shows evidence of having a genuinely bimodal distribution, with a fairly consistent bright X-ray luminosity of ∼ 1-3 × 10 39 erg s −1 and dim periods where the luminosity drops to < 10 38 erg s −1 . Single XMM-Newton and Chandra observations are the exception to this, with luminosities between 10 38 and 10 39 erg s −1 . This could still be consistent with a generally bimodal flux distribution if the source was transitioning between accreting and propeller states during the course of those observations. We show a histogram of the observed luminosities in Fig. 2 which clearly illustrates the bimodal nature of M51 ULX-4's flux distribution. The two states differ for the most part by a factor ∼ 40 in flux, comparable to the ratio between high and low states exhibited by M82 X-2 (Tsygankov et al. 2016) -like M82 X-2, it appears that the source may not completely stop accreting in its low-flux state, which may be due to a small fraction of the surrounding matter leaking into the magnetosphere and being accreted during the propeller phase (e.g. Doroshenko et al. 2014) .
We examined all available archival XMM-Newton and Chandra observations of M51 ULX-4. Its spectrum, when luminous, is ubiquitously hard, with photon indexes of Γ ∼ 1.2-1.7. We extracted timing data from the XMM-Newton EPIC-pn detector, which has sufficient time resolution to detect the ∼1 Hz pulsations seen in PULXs, but we found no signal stronger than 1.5σ significance in the XMM-Newton PSDs. We therefore attempted blind acceleration searches on the data, as used in other PULX detections, using the PRESTO software (Ransom 2001) . No pulsations were detected to greater than 3σ significance, although we note the datasets were relatively short ( 18 ks). However, possible weak pulsed signals were recovered (significances of 1.5-2.6σ) in the 1.3-3.2 Hz range, that constituted up to ∼ 10% of the EPIC-pn flux in these observations (upper limit to 3σ significance). This object therefore remains a plausible PULX candidate, with deeper XMM-Newton observations likely to provide the crucial diagnosis.
As part of the process of creating the ULX catalogue, we de-termined which of the RC3 and CNG galaxies observed by XMMNewton were complete, i.e. the galaxies for which we are confident that all ULXs that can be detected by XMM-Newton have been (Earnshaw et al. in prep) . We found there to be 441 such galaxies, including all host galaxies of our candidate transient ULX sample. Given that three sources with behaviour that could be described as transient have been detected within the sample of high-amplitude ULX variables in this complete subset of galaxies, we estimate there to be one transient ULX per ∼ 1.5×10 13 M . However this is a lower limit, since many of the ULXs in the complete sample will not have been observed a sufficient number of times with XMMNewton for them to be identified as transient even if they are. In order to estimate how many high-amplitude ULX variables we may be missing due to the cadence of XMM-Newton observations, we ran a simulation of 10,000 PULX-like transient sources, capable of being in two states -a bright, accreting state with L X 10 39 erg s −1 or a dim, propeller state with L X 10 38 erg s −1 -with a duty cycle of 50% for simplicity. Each source was 'observed' a number of times randomly selected from a distribution of the number of XMM-Newton visits to the RC3 and CNG galaxies, in order to simulate the frequency at which XMM-Newton observes other galaxies (this comes with the caveat that galaxies containing 'interesting' sources such as ULXs are more likely than others to be observed more than once, however a majority of ULXs have still only been observed once by XMM-Newton). Only 26% of sources were observed more than once, meaning that we do not have the ability to judge whether nearly three quarters of the sources exhibit long-term high-amplitude variability or not. For the sources with multiple observations, only those sources with at least one observation in each state were counted as transient (as otherwise they would appear as persistent sources in either the bright state or the dim state). 65% of the sources observed multiple times were successfully identified as transient, or 17% of the total population.
We also differentiated between two different variability scenarios -'outbursts', in which only one bright state is observed and the source could be mistaken for a classic transient, and 'bimodal', in which there are at least two observations of the source in a bright state, making the bimodal nature of its flux distribution apparent. Of the sources identified as transient, around 60% appear as an outburst and 40% as bimodal.
However, this does not take into account the typical depth of XMM-Newton observations, i.e. whether an observed PULX-like source is confidently detected when in the bright state, or a sufficiently low flux upper limit established when in the dim state. We therefore considered, for observations of PULXs in a bright state, the probability of any one observation of a galaxy being complete to 10 39 erg s −1 , meaning that we can be confident that a ULX-luminosity source within that galaxy is detected. For current XMM-Newton observations of RC3 and CNG galaxies, this probability is 31%. For observations of PULXs in a dim state, we required the observations to be complete to 10 38 erg s −1 so that a maximum source luminosity upper limit of 10 38 erg s −1 could be established, the probability for which is 13%. (The completeness of galaxy observations is dependent on the distance to the galaxy being observed and the XMM-Newton observation length, but we consider the fraction of complete observations as the probability, which is sufficient for this simulation).
When the observation depth is considered, we found that only ∼ 2% of the simulated PULX sample are successfully identified as transient based on XMM-Newton observations of other galaxies. Additionally, with a duty cycle of 50%, three-quarters of these sources are observed as a single outburst, with only ∼ 0.5% of the entire sample observed as bimodal. Since we have observed one bimodal source, M51 ULX-4, we might therefore expect that there are up to 200 other sources with bimodal flux distributions in the XMM-Newton footprint that have not been identified as such using archival XMM-Newton data due to being insufficiently observed to reveal their transient nature.
The ability to discover candidate PULXs in this way also depends upon the expected duty cycle of a NS entering and leaving the propeller regime. M82 X-2 has been found to be in accreting and propeller states a similar number of times over the course of 15 years of Chandra observations (Tsygankov et al. 2016) , which suggests a duty cycle of ∼ 50%. However, NGC 5907 ULX-1 only has one XMM-Newton observation out of five appear to drop into a propeller regime, along with a handful of Swift observations with an upper limit significantly lower than its accreting state flux (Israel et al. 2017a) . NGC 7793 P13 appears to spend longer in the propeller regime, but is still limited to a single 'episode' between 2011 and 2014, being seen at its accreting flux at all other times (Fürst et al. 2016; Israel et al. 2017b) . If the typical duty cycle of NS ULXs is significantly higher or lower than 50%, the percentage identified as transients decreases, so that there may be a much higher number that are not identified as transients from archival XMM-Newton data.
In Fig. 3 we show the results of the above simulation for a range of duty cycles, both before and after the observation depth of XMM-Newton is taken into account. The total number of transient sources successfully detected and identified as such is maximised if the duty cycle of the population is 50%, however sources with a slightly greater amount of time in a bright state are more likely to be observed with a true bimodal flux distribution, rather than as what appears to be a single outburst. In reality, the duty cycle of the accreting/propeller regimes for NSs is likely to be dependent on the conditions of each individual system.
While the cadence of XMM-Newton observations is generally insufficient for identifying the majority of bimodal-flux sources that may exist, future missions may provide a better opportunity for searching for candidate PULXs. eROSITA is the primary instrument on the upcoming X-ray satellite Spectrum-Röntgen-Gamma, due to launch in the autumn of 2018. eROSITA is planned to perform a systematic all-sky survey with eight scans of the entire sky over the course of four years (Merloni et al. 2012 ). Using our simulation of a PULX population, eight observations is sufficient to successfully identify 96% of all detectable bimodal sources on the sky with a duty cycle of 50% (this decreases to ∼ 50% of sources for duty cycles of 20% or 90%). However, the average amount of observation time for each point on the sky per scan is 250 s, which means that we can only place a upper limit of 10 38 erg s −1 on non-detections for sources within 2.2 Mpc. While this makes the vast majority of the ULX population too distant for us to perform this monitoring using eROSITA, there are 83 objects within 2.2 Mpc between the RC3 and CNG catalogues, including all of the Local Group and some galaxies of interest such as NGC 55 and NGC 300. For these nearby galaxies and dwarfs, we are very confident that we will be able to identify a large proportion of the bright bimodal sources they contain.
The closer to the poles of eROSITA's orbit, the more exposure a source will receive. It is estimated that about 1% of the sky will receive > 10 ks exposure over the course of the four-year survey, amounting to at least 1.25 ks per scan. This would extend our ability to identify PULX candidates out to ∼ 7.5 Mpc, but only within ten degrees of the orbital poles. Assuming that they are aligned with the celestial poles (as an illustration), this therefore only applies to galaxies with |Dec| 80 degrees. There is only one such galaxy within 7.5 Mpc between the RC3 and CNG galaxy catalogues, LEDA 95597, which is not known to contain any ULXs. However, the exact position of eROSITA's orbital poles may allow a small number of other galaxies within this distance to be monitored for PULX candidates. Therefore we conclude that while eROSITA will not undertake a deep enough survey to monitor most of the ULX population (although future generation all-sky surveys may prove invaluable for this kind of monitoring), it will be capable of monitoring the X-ray populations of a reasonable number of nearby galaxies and discovering further candidate PULXs where they exist in those galaxies.
The XMM-Newton Serendipitous Source Catalogue is a useful tool for identifying transient ULXs, and the addition of archival data from other telescopes such as Chandra and Swift gives us sufficient information to more accurately characterise the long-term variability of sources to help determine their underlying nature. However, the current coverage of XMM-Newton may be wholly inadequate for detecting large numbers of transient ULXs, due to the lack of repeat observations. The planned all-sky survey by eROSITA presents an opportunity to monitor nearby galaxies across the entire sky for new PULX candidates, but will not be deep enough to monitor the majority of known ULXs. We therefore also recommend dedicated observing campaigns involving repeated, sensitive observations of galaxies containing ULXs with XMM-Newton and Chandra in order to increase the likelihood of successfully identifying PULX candidates from their long-term variability properties.
